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ABSTRACT 
 

In conjunction with the research in ultra-lightweight deployable spacecraft and membrane 

structures is an underlying need for shape and vibration control.  For thin film membrane 

structures, fundamental modes of vibration for the membrane can be excited through station 

keeping, attitude adjustments, orbital maneuvers, or contact with space junk or 

micrometeorites.  In order to maintain structural integrity as well as surface shape contour, 

which may be essential for inflatable antennas, reflective surfaces, or solar sails; vibration 

damping is a necessary component.  This paper discusses development of an actuator 

attached at the membrane boundary, containing two types of piezoelectric elements, which 

can be used to perform active control of vibration from the boundary of a membrane.  The 

actuator is designed to control the membrane out-of-plane displacement and in-plane 

tension by varying the boundary conditions.  Results from an initial experimental 

evaluation of the concept are presented with bench tests of the actuator alone, and with the 

actuator connected to a large membrane. 
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Chapter 1  

INTRODUCTION 
 

One aspect in the continuing venture to explore outer space focuses on lightweight 

gossamer spacecraft [1,2], including ultra-lightweight inflatable structures, large aperture 

telescopes, communication antennas, solar power systems and solar sails.  A major 

consideration in the continued development of these types of spacecraft is vibration from 

active components attached to the spacecraft or excitations from external sources, and the 

potentially negative effects this type of motion can present in the quality of data collected 

from communications antennas, and telescopes, or even in the structural integrity of the 

spacecraft itself.  For large structures, fundamental modes of vibration can often have very 

low frequencies and large deflections associated with them, which can be potentially fatal 

for the spacecraft or the science mission.   

The necessity for vibration damping in space structures has been apparent for many years, 

though with more rigid structures the task of reducing vibrations to an acceptable level is 

much easier due to smaller magnitude deflections and the ability to add passive dampers.  

With thin film membranes, the issue of damping is more difficult.  Large deflections, low 

fundamental frequencies, and the relatively small mass of membranes compound to provide 

high modal densities.  Motion control and active vibration damping for these types of 

systems is necessary in order to maintain structural integrity, allow for proper performance, 

and provide a flightworthy spacecraft.  The use of piezoelectric actuators is motivated by a 

desire to develop effective control devices for use on thin-film membranes with minimal 
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addition to overall spacecraft mass.  Piezo actuators are capable of producing large force 

outputs relative to their individual mass, and have a large operational bandwidth making 

them ideal candidates for use on gossamer spacecraft.   

Research is being conducted on vibration control of inflatable membrane structures by 

using piezo actuators.  However, much of this research involves actuators on the membrane 

itself [3].  This research is conducted with piezo patch elements that are bonded directly 

onto the membrane, providing excitation from within the membrane structure.  The 

piezoelectric actuators generally have a much higher stiffness coefficient than the 

membrane materials, making them incompatible with the membrane materials and 

producing difficulties in modeling.  Modal testing has, however, shown that this type of 

excitation produces very good agreement with other forms of excitation such as linear 

shakers, on the same article.  It has been shown that positive position feedback (PPF) 

control provides significant reduction in vibration levels [4]. 

Other research is being conducted on vibration and shape control by using a membrane 

comprised of active piezo material [5].   This method utilizes a piezoelectric bimorph 

membrane material, which is excited using an electron gun to change the local shape of the 

material.  The electron gun scans the membrane and applies increased or decreased electron 

energy to remove or build up excess electrons respectively.   The shape of the membrane 

can be maintained accurately and adjusted to account for deformations.  Much of this work 

focuses on control of the membrane on the interior of the actual article itself rather than on 

control of the membrane from the boundary.   
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A different approach to membrane control is the application of actuators at the boundary.  

This type of control varies the boundary conditions for the system, effectively changing the 

dynamics without adding mass directly to the membrane or directly manipulating the 

membrane itself.  The ability to control membrane vibrations from the boundary has not yet 

been established.  This thesis will focus on the design and fabrication of an actuator for 

boundary application to a membrane and the resulting ability of the actuator to provide 

dynamic damping to an excited membrane.  
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Two test setups were used for actuator performance evaluation, a bench test setup of the 

actuator alone and a setup with the actuator installed on the membrane (insitu).  Figure 2.2 

shows the actuator insitu with the membrane.  Actuator performance data collected shows 

performance capabilities of both the piezo stack element and bimorph element under 

varying operational load conditions. 

 

Figure 2.2 Operational configuration of actuator attached a membrane 

The actuator is placed in the load path of the membrane to act as a filter, by stopping or 

reducing the transmission of structural vibrations from the hexapod structure to the 

membrane.  During spacecraft operation, disturbances are introduced in the membrane 

Bimorph actuator 

Load Cell 

PZT stack 
Housing 

Cable 
Angle(θ) Pulley 

Membrane 



6 

through the support structure from station keeping maneuvers, orbital changes, or attitude 

adjustments.  It is these sources of excitation that the actuator is intended to control. 

Due to problems with creep seen in a Kevlar® cable, a 0.037 in (0.939 mm) diameter, nylon 

covered, braided steel cable was selected for testing and experimentation.  The cable wraps 

around oil impregnated brass (oilite) sleeves 0.375 in (9.525 mm) in diameter, on either 

side of the actuator housing.  The oilite sleeves rotate around a hardened steel dowel.   

The actuator uses two types of piezo actuators to deliver in and out-of-plane excitation. The 

bimorph type piezo actuator shown in figure 2.3 is a 0.005 in (0.127 mm) thick Macro Fiber 

Composite (MFC-2) patch developed at NASA Langley Research Center [6,7].  The piezo 

bimorph measures 0.625 in (15.875 mm) wide by 1.5 in (38.1 mm) long.  Two of these 

MFC-2 actuators are attached to each side of a 0.013 in (0.33 mm) thick metal leaf spring 

for out-of-plane actuation.  An applied voltage creates a piezoelectric strain, producing a 

bending effect in the leaf spring.  This bending effect produces the out-of-plane 

displacement of the housing, and as a result, the out-of-plane motion of the membrane at 

the attachment point.   
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Figure 2.3 Piezo bimorph actuator 

The piezo bimorph can be excited using only one of the piezo elements, with the second 

element acting as a dynamic strain sensor.  This configuration diminishes the capability of 

the actuator to deliver out-of-plane motion, but provides a feedback sensor, which can be 

used for control.  

The second type of piezo element is a Piezomechanik PZT ceramic ring type piezo stack 

encased in an aluminum housing as shown in figure 2.4.  Expansion and contraction of the 

piezoelectric element, due to applied voltages, causes a lengthening or shortening of the 

stack.   The actuator is used to increase and decrease the effective length of a tensioned 

cable passing through the center ring of the element, ultimately changing the membrane 

tension.  
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Figure 2.4 PZT stack actuator 

The stack is capable of withstanding high compressive loads up to 1,348 lbs (6000 N), 

which is optimal for the proposed configuration.  A compressive preload of 10% of the 

maximum load is applied to the stack, and, for this configuration, the additional 

compressive load applied by the actuator can be up to 80 lbs (355 N).  This actuator is used 

for high precision, low displacement applications.  Because the actuator is bipolar, it allows 

for expansion and some contraction (+150 V to – 30 V).  The maximum stroke is 

approximately 2.52 x 10-3 in (64 µm) which should produce a maximum in-plane deflection 

at the apex of the cable of approximately 0.0073 in (185.3 µm) when the cable is at an 

angle of 10˚.   

Membrane and Hexapod 

The test article for which this research was conducted consists of three main components: a 

fiber composite hexapod support structure, a circular reflective membrane, and 
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displacement actuators, 12 of which will provide boundary control of the membrane.  The 

membrane and hexapod structure were manufactured by ILC Dover Inc. and the actuators 

were designed and manufactured at NASA Langley Research Center.  Three actuators have 

been manufactured and are being tested to verify their capability to provide sufficient 

control authority and to verify robustness of the design before proceeding to build a final 

set.  

Figure 2.5 shows the hexapod structure, with a flat reflective membrane stretched within a 

segmented torus structure, manufactured by ILC Dover Inc.  The hexapod stands 

approximately 12 feet (3.66 m) as shown in figure 2.5.  The hexapod structure is fabricated 

from 2 ply fiber carbon epoxy composite material 0.007 in (0.178 mm) thick.  The 

membrane is held in tension within a dodecahedron torus, each leg of which is a circular 

composite tube 7.130 in (18.11 cm) in cross sectional diameter.  The twelve segments of 

the torus structure are connected with polyurethane coupling joints.  The torus is connected 

to an aluminum triangle primary using six tapered composite tubes, 104 in (2.644 m) from 

the front side of the torus.  The three leg pairs extending from the back side of the torus are 

conical composite tubes with a small end outside diameter of 3.130 in (79.5 mm), and a 

large end outside diameter of 5.130 in (130 mm).   

 



10 

 

Figure 2.5 Hexapod structure and reflective membrane 

The membrane is a circular membrane with a diameter of 105 in (2.667 m). There are 

twelve catenaries to provide tension distribution around the circular membrane, and also 

help to minimize membrane wrinkling.  Figure 2.5 shows the membrane with the initial 

designed tension at each pull point of approximately 16 lbs (66.72 N).  The membrane 

material is a vapor deposited, aluminum coated 0.001 in (25.4 µm) Kapton®.  The legs of 

the hexapod structure can be seen across the membrane, which shows the reflective quality 

of the membrane surface.  Due to the large size of the membrane, it must be assembled 

from multiple strips of material, which are joined together with adhesive seams.   
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Chapter 3  

ANALYTICAL MODELING  
Dynamics: A Simplified Approach 

Due to the complex nature of the problem and the nonlinear behavior of the membrane, 

mathematical modeling for this type of problem is somewhat challenging.  In order to better 

understand the problem, the actuator and membrane system are modeled using a simplified 

2-D analytical dynamics model.   

A lumped-mass representation is used to model the actuator at the end of a thin beam 

element, with a cable connecting the actuator lumped mass to another lumped mass 

representing the membrane (figure 3.1).  In order for this analysis to mimic the actual test 

article, the cable allows only tensile forces to be transmitted.  The actuator model 

parameters are the bending stiffness of the piezo bimorph Ka, actuator mass Ma, membrane 

mass Mm,  the distance between the actuator and the connection point on the membrane Lc, 

and the cable angle between the two lumped masses α.  A simplified model of the 

membrane is used with an equivalent in-plane spring stiffness Ki, which has an un-stretched 

length R, and an out-of-plane equivalent spring stiffness Ko.   
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Figure 3.1 Simplified model of actuator and membrane for dynamics analysis 

Figure 3.2 shows exaggerated positions of the deflected lumped masses.  The in-plane 

spring provides two components of restoring force: in-plane (u
�

) and out-of-plane (v
�

), 

where u
�

and v
�

 are unit orthogonal basis vectors.  The magnitude of the computed out-of-

plane stiffness for the membrane is two orders of magnitude less than the in-plane stiffness.  

Therefore the out-of-plane spring is allowed to roll with the membrane lumped mass, 

resulting in no restoring force in the rolling direction. 
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Figure 3.2 Membrane deflection position          

Using vector analysis and an assumed displacement of the membrane, the force can be 

calculated in each of the springs.  Considering the membrane side of the mechanism, the 

force in the springs will result from a tension force, or out-of-plane excitation from the 

actuator.  Figure 3.3 shows a vector representation of the displacement of the center of mass 

of the membrane.  Consider point O in the undeformed position of the membrane c.m. to 

undergo a displacement to point D after being displaced by the actuator.  The magnitude of 

the displacement in the v
�

 direction is Vm, and Um in the u
�

 direction.   Let δT be the total 

displacement of the membrane c.m. and S  be the length of the stretched spring with 

stiffness Ki.   
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Figure 3.3 Assumed vector displacements of membrane 

Using these definitions, a vector S
�

 can be written as 

vu
��

�

VmRUmS ++−= )(     3.1 

to locate the mass Mm with respect to point P.  The magnitude of the displacement is 

22 )()( VmRUmS ++=
�

  3.2 

To normalize the displacement vector in Eq. 3.1, divide Eq. 3.1 by Eq. 3.2 to get a unit 

vector Ŝ  such that  

22 )()(

)(ˆ
VmRUm

VmRUm
S

++

++−= vu
��

 3.3 
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The actuator pull force Fc (figure 3.4) represents the tension pull from the actuator to the 

membrane.  Reaction forces FKi and FKo are the forces on the in and out-of-plane springs, 

respectively.  Force from the in-plane spring can be broken into u
�

and v
�

 components.   

 

Figure 3.4 Spring reaction forces on the membrane 

The force from the in-plane spring can be written as 

( ) SRSKF iKi ˆ⋅−−= ⋅
�

   3.4 

and the force from the out-of-plane spring is 

v
�

Vm -KF oKo ⋅=   3.5 

The spring force equations can be further reduced to component force equations, which can 

further be reduced by using a Taylor series expansion.  Due to the small values of Um and 

Vm, the expansion is only carried out to third order elements.   
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The component force in the u
�

 direction is 

u
�









+= ⋅

R

V
KUKF

m
imiu

2

2

  3.6 

The component force in the v
�

 direction is 

v
�

















+−−=

2

3

2R

V

R

VU
KVKF

mmm
imov    3.7 

From the component forces, the total change in tension pull force being applied to the 

membrane can be calculated.  This force is used in the equations of motion for the 

membrane lumped mass, and also as an output to determine how much tension the 

membrane is subjected to and what change in tension the actuator is theoretically capable 

of.  Using the force components, the cable force magnitude is 

2

2

3
2

3

22 
























+−−+


























+=

R

V

R

VU
KVK

R

V
UKF mmm

imo
m

mic    3.8      

Considering the cable mechanism, the system is constrained by the length of the cable 

connecting the two lumped masses.  A 2-D representation is used to model the distance 

between the axial center of the stack element of the actuator and the physical connection 

point of the membrane.   

Figure 3.5 shows an exaggerated displacement condition of the two lumped masses and the 

connection geometry between them.  Va represents the out-of-plane deflection of the 

actuator, while Vm represents the deflection of the membrane.  Va/m is the difference 
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between Va and Vm in the v
�

 direction.  Due to the nature of the bimorph bending to produce 

the out-of-plane displacement, the in-plane deflection of the actuator lumped mass is 

considered to be negligible compared to the out-of-plane deflection.  In-plane actuation 

comes from the change in length of Lc and is not considered to affect the actuator mass.  

The changed length from the original nominal distance Lc is represented as L’
c.  The in-

plane deflection of the membrane is Um, and Ua/m is the distance in the u
�

 direction between 

Ua and Um.   From the constraint geometry, a constraint equation can be obtained and the 

system equations of motion can be completed.   

 

Figure 3.5 Constraint geometry for the displaced masses 

The constraint equation for the length L’
c is 

( ) ( )22
mamcc VVULL −+−=′  3.9 
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and the angle relations for α can be written as 

c

ma

L

VV
′

−=αsin  3.10 

and, 

c

mc

L

UL
′

−=αcos  3.11 

Due to the nonlinear nature of the in-plane spring acting in the out-of-plane direction, the 

equations of motion contain both linear and non-linear components.  The equation of 

motion for the mass representing the membrane in the in-plane direction: 










′
−

==










++

c
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cc

m
imimm L

UL
FF

R

V
KUKUM αcos

2

2

��  3.12 

and the equation of motion for the mass representing the membrane in the out-of-plane 

direction is 










′
−

==



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2 2

3
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If one defines the state vector 


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The equations of motion can be represented as four 1st order nonlinear ordinary differential 

equations, which in matrix form are  
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The beam element supporting the actuator mass Ma is modeled using a finite element 

solution, which incorporates the bending stiffness Ka, and the voltage to strain relation for 

the piezo bimorph actuator.  The finite element model, created using NASTRAN®, is used 

to model the metal leaf spring with the bimorph actuator bonded to both sides.   The 80-

element NASTRAN model provides dynamic characteristics of the bimorph and leaf 

spring, and a rigid finite element on the end of the leaf spring represents the actuator 

housing.  Appropriate mass characteristics are included for the elements representing the 

actuator housing. 

A diagram of the NASTRAN model is shown in figure 3.6, with grid points 78,79, and 80 

on a rigid element representing the actuator housing.  The unit vector w
�

 shown is in the 

tangential in-plane direction and is not utilized in the 2-dimensional analysis.  Cable forces 

are applied at grid points 79 and 80 with no resultant force in the w
�

direction.  Outputs 

from the finite element model include deflections, and accelerations of points 78, 79, and 

80 in the u
�

,v
�

, and w
�

 directions.   
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Figure 3.6 NASTRAN model of actuator 

The model is converted from a finite element model to a state space representation of the 

system [8], shown in figure 3.7.    

The state space model has 5 inputs, and 18 

outputs.  The inputs include voltage to the 

piezo bimorph and forces on the rigid 

element in the in-plane and out-of-plane 

directions for the two outer nodes of the 

actuator housing (elements 79 and 80).   

 

Figure 3.7 State space representation of bimorph  



































































������

������

5x1820x18

5x2020x20

DC

BA



21 

The FEA model, the previously described equations of motion, and the constraint equation 

combine to form a complete set of equations that model the dynamic behavior of the entire 

mechanism.    

Cable Geometric Analysis 

In-plane tension adjustments are accomplished using an extensible piezo stack actuating a 

cable wrapped around two pulleys (figure 3.8).  In this arrangement, the cable angle is an 

important factor in the performance of the piezo stack.  Cable angle is a function of the 

initial pretension level, with high initial pretension levels producing small initial cable 

angles at the same membrane tension.  Tension in the actuator cable (Tc) is related to the 

membrane tension (Tm), and the angle θ as follows:  

mc TθT =sin2  3.15 

 

Figure 3.8 Cable force geometry 
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The geometric length L/2 varies with the angle θ.  Figure 3.9 shows the relationship 

between the cable angle θ and the length L/2 for cable angles ranging from 9º to 13º.  Later 

calculations will use these L/2 values to compare calculated results with experimental data.  

The length L/2 varies by as much as 0.74 in (18.80 mm) based on the cable angle chosen.  

θ  (deg) L/2 (in) A Aprime

9 5.93 0.564245 0.939245

9.5 5.80 0.596158 0.971158

10 5.69 0.628165 1.003165

10.5 5.59 0.66027 1.03527

11 5.49 0.69248 1.06748

11.5 5.41 0.724799 1.099799

12 5.33 0.757233 1.132233

12.5 5.25 0.789787 1.164787

13 5.19 0.822468 1.197468

Length L/2 vs. Cable Angle θ 
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Figure 3.9 Length of L/2 as a function of cable angle θ 

The stack and cable configuration shown in figure 3.8 effectively amplifies the motion of 

the stack at the membrane attachment point.  To evaluate the mechanical advantage of the 

cable actuator configuration, consider the geometry of the system shown in figure 3.10.   
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Variable Description Units

δM In-plane membrane deflection inches

δS Stack deflection inches

θ1 Starting cable angle degrees

θ2 Ending cable angle (after deflection) degrees

Hyp Length of hypotenuse inches

L/2 One half the length of the actuator housing inches  

Figure 3.10 Membrane displacement and stack displacement geometry (picture not to 
scale) 

Using the geometry in figure 3.8 a relationship between actuator displacement δS, 

membrane displacement δM, and cable angle can be formulated.  Knowing the initial cable 

angle, the hypotenuse length is 

)cos(2
Hyp

1θ

L=  3.16 

Taking into account a displacement of the stack (δS), and the fact that the hypotenuse will 

be shorter by 2
Sδ  to maintain equilibrium, the cable angle after displacement is 
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Knowing these two variables, the in-plane displacement of the stack can be easily 

computed to be 

( ))tan()tan(
2

Mδ 21 θθ
L −=  3.18 

Figure 3.11 shows the functional relation between in-plane membrane deflection and the 

deflection of the stack at different cable angles.  It can be seen that at smaller cable angles 

there is a larger mechanical advantage, and the slope for that portion of the graph is 

considerably steeper.  Note that the graph shows that the deflection of the stack is 

essentially unidirectional, despite the fact that there is some capability of the stack to 

contract by a small amount.  The maximum deflection value of 2.52 x 10-3 in (64 µm) for 

the stack, as reported by the manufacturer, is used for this study. 
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Figure 3.11 Membrane deflection vs. stack deflection for various cable angles 
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Chapter 4  

DYNAMIC SIMULATION OF ACTUATOR AND MEMBRANE 
SYSTEM 

Description 

A dynamic simulation of the actuator and membrane using MATLAB® and Simulink® was 

created to assess the control authority of the actuator on the membrane under different 

loading conditions.  Physical inputs to the system include voltage to the stack and voltage 

applied to the piezo bimorph.  The simulation is designed to accept voltage signal inputs for 

both piezo actuators and to output the overall actuator dynamics, the displacements of the 

membrane center of mass, and the tension load in the cable.   

The simulation incorporates a finite element model for the piezo bimorph with the bonded 

piezo-ceramic and the dynamic equations of motion for the cable actuation system shown 

in the previous chapter.  In order to incorporate both models and solve the coupled system 

of equations, a MATLAB s-function is used.  The s-function allows multiple variable 

parameters to be passed in to a single Simulink block that uses mathematical solution 

techniques to solve differential equations for continuous and/or discrete time systems.  The 

solution for the non-linear state space equations and the constraint equation can be 

performed using the s-function equation solving capabilities.   In order to solve the state 

space equations for the piezo bimorph, the forces on the actuator must be continuously 

updated and fed back into the system as an input.  Figure 4.1 shows a diagram of the 

simulation scheme with inputs and outputs, and shows the force variables being fed back 

into the s-function. 
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Figure 4.1 Simulation process flowchart 

 

 Analysis Results 

To simulate the capability of the piezo stack, a staircase voltage with a maximum voltage of 

150 V and a step size of 10 V, is applied to the stack input.  Figure 4.2 shows the simulated 

profile of the stack actuation, with no voltage applied to the piezo bimorph.  The graphs 

show the voltage profile to the piezo stack, the change in membrane tension, and the 

deflection of the membrane.  Note that the values for membrane tension and deflection are 

changes in values, and not absolute load or displacement values.  The computed maximum 

change in membrane tension is approximately 0.556 lbs (2.446 N).  This value is a function 

of the expected maximum deflection of the piezo stack of 0.00252 in (64 µm), and the 

assumed cable angle of 10˚.  The membrane deflection is shown to be negative, which is a 

S-Function 



28 

result of the coordinate convention assumed in the analysis that places the origin at the 

membrane pulley, and directs positive displacement toward the center of the membrane.  

The maximum in-plane deflection computed is 0.007 in (177.8 µm).   

 

Figure 4.2 Simulation results for staircase voltage profile on piezo stack  

Similar analysis is run on the piezo bimorph actuator, using a staircase profile with a 

maximum voltage of 450 V, and a step size of 30 V.  Figure 4.3 shows results from top to 
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bottom of the input voltage, change in membrane tension, out-of-plane deflection, and in-

plane deflection of the membrane.  In the graph, a natural oscillating effect can be seen in 

the membrane tension as well as in the deflection of the membrane.  Damping was added to 

the system using an arbitrarily chosen damping value of 10%, to allow for the system to 

compute a steady state value for each step.    The maximum change in membrane tension is 

approximately 0.193 lbs (0.858 N), with an out-of-plane deflection of 0.0042 in (106.7 

µm).  The in-plane deflection capability of the bimorph is approximately 0.0024 in (60.96 

µm).   
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Figure 4.3 Simulation results for staircase voltage profile on piezo bimorph 

 

An important feature to note from figure 4.3 is the non-linear nature of the deflection of the 

flexural actuator.  These results show that only a small change occurs below 90 V, but 

between 250 V and 450V the performance is improved significantly.  The in-plane 

deflection is very nearly linearly related to voltage.   
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Figure 4.4 shows results from the staircase voltage profiles commanded to both piezo 

actuators, the membrane tension, the out-of-plane deflection, and the in-plane deflection. 

Combining the staircase input signals for both piezo actuators simultaneously shows the 

maximum theoretical capability of the actuator.  The maximum membrane tension 

adjustment with both piezo actuators is approximately 0.66 lbs (2.938 N).  The maximum 

out-of-plane deflection using both actuators is 0.0105 in (266.7 µm) which is significantly 

higher than the result of 0.0042 in (106.7 µm) using only the bimorph actuator.  The 

maximum in-plane deflection is approximately 0.0083 in (210.8 µm) which is a slight 

improvement over the piezo stack alone.  As expected, the capability of the actuator is 

increased when both piezo actuators are utilized.  The analytical results show the ability of 

the stack to dramatically improve the out-of-plane deflection capability of the flexural 

actuator.   
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Figure 4.4 Simulation results for staircase voltage profile on stack and bimorph 
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For out-of-plane testing, the analytical model is linearized to compute a frequency response 

function (FRF).  In order to accentuate the mode peaks, the damping for this simulation was 

set to 1%.  This FRF can be used to compare results with the bench test and membrane test 

results.  The FRF of the analytical model shows the first bending mode of the bimorph, and 

the migration of the resonant frequency with increasing load (figure 4.5).   The FRF is taken 

with respect to point 78 (refer to figure 3.6).  Note the second peak, at approximately 83 

Hz, which changes very little and is apparently insensitive to tension load level. This is 

believed to be the second bending mode, though this apparent insensitivity to tension 

loading is unexplained.  

 

Figure 4.5 Frequency response of linearized model 
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Chapter 5  

ACTUATOR BENCH TEST 
Setup 

In order to verify the capabilities of the actuator alone, a bench test, designed to allow for 

operation of the actuator under various loading configurations, is used.  Figure 5.1 shows 

the bench test setup.  A load cell is located at the membrane attachment point T1, which 

provides data on the tension that would be applied to the membrane.  A second load cell, 

located at T2 at the end of the piezo stack, provides data on the tension in the cable.  

Measurement of in-plane displacement at the location T1 is performed using a micrometer. 

A Keyence laser displacement sensor, not shown in the figure, is used to measure out-of-

plane displacement of the flexural actuator. 

An aluminum test fixture acts as a support structure for the actuator.  The test fixture is a 

rectangular aluminum structure with a track running lengthwise to allow for positioning of 

the test article and measurement devices.  The actuator is attached to a block at one end.  At 

the opposite end a micrometer is held in position and allows for measurement of in-plane 

displacement with an accuracy of approximately 0.001 in (25.4 µm).  The load cell at T1 

connects to the actuator cable through a round pulley to provide stress relief at the pull 

point.  The test fixture is held in a vertical position to avoid any residual bending of the 

bimorph due to gravity loading.  The stack load cell is located at one end of the stack 

actuator and measures the tension in the cable. 
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Figure 5.1 Bench test setup 

The load cell at T2 is rated to 100 lb (444.8 N) with a conversion factor of 256.4 mV/lb 

(57.6 mV/N) and a noise level of approximately 25 mV.  This equates to an uncertainty in 

the measurement of about 0.1 lbs (0.444 N).  The load cell at T1 is rated to 50 lb (222.4 N) 

with a conversion factor of 552.8 mV/lb (124.3 mV/N).  This load cell has a noise level of 
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T1 Load Cell 

T2 Load 
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Bimorph Actuator 
 

Actuator Suport 

Pulley 
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approximately 1.5 mV, corresponding to an uncertainty in the measurement of about 

0.0027 lbs (0.0012 N). 

Control and feedback signals for the testing of the actuator are processed through a 

dSPACE real time signal processor.  Using dSPACE’s ControlDesk software, the input and 

output signals for the actuator are tracked and stored for later analysis.  Models of the 

system are built in Simulink® for each test, specifying proper input voltage levels and signal 

type as well as conditioning outputs.   

Control signals to the bimorph part of the actuator are amplified using a Trek 50/750 high 

voltage amplifier.  The Trek amplifier is capable of producing a 750 V output, though the 

maximum voltage specification for the piezo patches on the leaf spring is 500 V.  Bimorph 

performance is measured using the Keyence laser displacement sensor, and an HP signal 

analyzer is used to compute the frequency response functions of the system.  The laser 

displacement sensor is mounted on a tripod in front of the actuator fixture, with the laser 

aimed at the actuator housing, while the HP signal analyzer steps through a sine sweep 

between 1 – 200 Hz to develop an FRF for the piezo bimorph.  The laser displacement 

sensor has an associated noise level of approximately 1 mV.  Using the high accuracy 

mode, this noise level equates to a position error of approximately 0.0004 in (10.16 µm).  

Control signals to the piezo stack part of the actuator are amplified using a custom amplifier 

built at NASA Langley Research Center.  This amplifier is capable of a ±190 V output.  

However, the piezo stack is only driven between –30 V and +150 V.   

Both load cells are powered by a 15 V supply, and the feedback signals from the load cell 

signals are processed through a Strain Gage Signal Conditioner.  The signal from the stack 
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load cell at T1 has a gain of 10, whereas the load cell at T2 has a gain of 100.  The feedback 

signal from the laser displacement sensor is fed directly to the dSPACE system without any 

signal conditioning. 

Actuator Results 

Bench testing of the actuator includes the collection of data from the two piezo actuators 

and the understanding of how the actuator setup parameters influence performance.  

Actuator effectiveness is evaluated in terms of the in-plane tension control, the in-plane 

displacement control, and the out-of-plane deflection control.   

The stack piezo provides the in-plane tension control and displacement.  It is capable of 

motion in two directions, although the maximum displacement in both directions is not 

equal.  Though the stack is considered to be bipolar, it cannot provide as much deflection in 

compression as it can in extension.  Testing of the stack focused on unidirectional testing of 

the stack.  The ability of the stack to maintain static displacements allows for testing to 

determine quasi-static membrane tension changes and membrane displacements.  

Two voltage profiles were used in testing of the piezo stack.  Initially, a staircase loading 

profile was used to test the tension control capability of the stack.  The voltage profile to the 

stack ranges from 0 to 150 V in increments of 10 V.  The profile is constructed to dwell 20 

seconds at each voltage increment, which allows ample time for settling of the tension 

levels.  The T1 and T2 load cells are monitored continuously and variations seen at either  

load cell are used to evaluate performance.  The same staircase voltage profile is used for 

multiple tests with varying tension levels and cable angles.     
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A second test was run using the piezo stack, with an increasing step input voltage profile.  

This profile steps through the voltages from 0 to 150 V in increments of 10 V.  However, 

after each increment the voltage is allowed to drop back to zero.  The period for the 

increasing step profile was 6 seconds.   This test was performed to quantify any difference 

between a gradual loading profile and a large step profile.    

The performance of the stack is measured through the outputs of the T2 load cell, the in-line 

load cell T1, and the micrometer.  The cable angle can be determined by using the geometry 

of the cable setup and the ratio of the output of the load cells.  Data from both load cells and 

the input data to the stack are stored for later evaluation.   

Testing of the bimorph piezo is performed using an HP signal analyzer and a Keyence® 

laser displacement sensor.  Frequency response functions of the bimorph are recorded with 

the HP signal analyzer using a sine sweep function from 1 to 200 Hz.  The same input is 

used for various tension levels.  The purpose of the increasing membrane load levels is to 

determine how the performance characteristics of the actuator vary with increased loading.  

In-Plane Testing 

For the in-plane testing, there are three dominant coupled factors that determine 

performance of the piezo stack: the cable angle (θ), the change in tension (∆Tm), and the 

deflection of the membrane attachment point (δM).  During initial bench tests several 

inconsistencies in the performance of the in-plane actuation mechanism were apparent.  

Testing has shown that a tension differential develops in the cable between the  T2 load cell 

and the  T1 load cell.  This is likely due to friction around the pulley.  With high pre-tension 

loads in the cable, and high loads placed on the pulley, friction in the pulley increases and 
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hampers performance.  Performance degradation due to friction is seen in the tests that 

monitor the tension and deflection of the membrane. 

Figure 5.2 is a typical load profile plot for the staircase test.  The plot shows the response 

from both the T1 and T2 load cells for a configuration with the cable angle of 12 degrees.  

Results show that when the piezo stack is in operation, using comparable membrane load 

tension levels and cable angles as for the membrane test bed, the stack was only able to 

obtain a ∆Tm of approximately 0.15 lbs (0.667 N).  The change in cable tension ∆Tc is 

approximately 1.2 lbs (5.338 N).   
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Figure 5.2 Staircase profile for in-plane tension adjustment at 12˚ cable angle 

To compute the initial cable angle, solve Eq. 3.15 for the angle 
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Values for Tm and Tc are average values in the desired region.  Similarly, the ending angle 

is 
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Using the specified maximum deflection of the piezo stack of 0.00252 in (64 µm), the 

starting cable angle, and the deflection geometry using a calculated value for L/2 of 5.34 in 

(135.6 mm), the minimum expected deflected angle can be calculated using equation 3.17 

in the form 
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Figure 5.3 shows the response for the same input, but at a 9˚ cable angle.  At the smaller 

angle, the change in tension at T1 is approximately 0.30 lbs (1.334 N).  The tension at T1 

changed approximately 0.85 lbs. This demonstrates a marked improvement in achievable 

tension from the same profile at a larger angle, and it also shows the expected increase in 

tension adjustment capability at lower cable angles.   It is important to note that the initial 

tension load is lower for the 9˚ data set, which may contribute to the difference.  Friction 

losses may not be as significant in this case.  
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Figure 5.3 Staircase profile for in-plane tension adjustment at 9˚ cable angle 

Using Eq. 5.1, the initial cable angle can be determined using the data from the load cells as 
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Using the final tension value, the measured final angle can be determined as 
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Once again, this value does not seem appropriate.  Due to a shortening of the stack, there 

should be a decrease in cable angle rather than an increase.  Using Eq. 5.3 and inserting the 

appropriate values for θ1 and a calculated L/2 value of 5.93 in (150.6 mm), the minimum 

expected deflected angle can be calculated to be 
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The discrepancy between the calculated minimum angle and the test results for both test 

cases, and the unexpected increase in angle for the 9º test case, indicates a problem with the 

cable mechanism.  It is also important to note that the profile for the T2 load with the 9˚ 

cable angle is not linear.  The rate of change in tension decreases at the higher loads.  As 

with figure 5.2, the profile of the tension load at T1 is inconsistent and does not stay 

constant at each step.  Fluctuations in the load profiles may be due to a lack of cable tension 

equilibrium on either side of the pulley.   

The cable setup, while offering a mechanical advantage at small cable angles, also 

introduces friction into the system, which creates a tension differential in the cable on either 

side the housing pulley.  From this data it is clear that cable angle cannot accurately be 

determined by the load cell data.  More importantly, the tension at T2 does not provide an 

accurate representation of the tension value at T1.  Variability in actuator setup such as 
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cable pre-tensioning and cable angle exerts strong influences in the friction levels and 

makes it difficult to know a priori what the friction coefficient is at the pulley.  This is 

important because when the actuator is connected to a membrane, the only load cell in 

place will be T2.  The membrane tension load is only observable by the cable tension at the 

stack, which does not necessarily match the cable tension on the membrane side of the 

pulley. 

The bench test setup allowed for measurement of displacement at the membrane attachment 

point.  This information shows that at operational tension levels there is a loss of 

displacement transmission between the piezo stack and the membrane attachment point.  

Figure 5.4 shows the load profiles for a test in which the piezo stack is commanded a 

voltage while the micrometer is adjusted to return the tension load read at T1 to its nominal 

“zero voltage” value.  In the absence of friction, this test provides an alternate means to 

determine elongation of the stack  

Figure 5.4 also shows that after zeroing the tension load at T1, the cable tension at T2 

increased 1.3 lbs (5.783 N).  Maximum δM of the membrane attachment point for these 

tests was approximately 0.0022 in (55.88 µm).  To avoid problems with dead band in the 

micrometer, the displacement adjustments were always made by turning the micrometer in 

the same direction.  This accounts for the spikes in both directions in the T1 load profile.      

Tension adjustments at T1 are not noticeable at T2, and are in the noise floor for the load 

cell. 
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Figure 5.4 Displacement test correcting for membrane load  

Similar tests zeroing the load cell at T2 rather than T1 resulted in δM of approximately 

0.027 in (685.8 µm).  In order to maintain a constant cable tension, the change in tension at 

T1 for these tests was approximately 2 lbs (8.896 N).  These results verify that the load cell 

at T2 has a dead band of 2 lbs, and therefore tension in a membrane assessed from T2 has an 

error of ±2 lbs (8.89 N).  Testing has shown that the capability of the piezo stack to change 

tension in the membrane is less than 0.5 lbs (2.22 N).  This change is smaller than the error, 

which makes it impossible to accurately measure membrane tension change.   
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For comparison, the same profile can be seen in figure 5.5 without any displacement 

adjustments.  Looking at the tension load T1 during the time intervals when the input is zero 

reveals that the tension value changes.  This helps point out the fact that the tension values 

do not return to a steady state, indicating that there are other forces acting on the system. 

 

Figure 5.5 Increased step testing with no change in displacement from micrometer 

Figure 5.6 compares the results from the bench test to the results from the analysis.  In this 

figure, the staircase profile is plotted for the bench test, along with the expected results from 
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the analysis.  The analysis results are normalized to have the same starting point as the 

bench test.  The expected final T1 tension load is greater than the actual load by 

approximately 0.10 lbs (0.445 N), and the expected T2 tension load is less than the actual 

tension load by approximately 0.22 lbs (0.978 N).  The overall results correlate relatively 

well at this cable angle and tension, with a slightly larger divergence of results at the higher 

tension levels.  

 

Figure 5.6 Bench test and analysis results correlation for 9º cable angle 
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Figure 5.7 shows the same profile with a larger cable angle and a higher tension level.  The 

T1 results for this profile do not match well with the expected results.  The expected final 

value for the T1 load is approximately 0.30 lbs (1.334 N) greater than the actual value.  The 

expected change in tension is 0.47 lbs (2.091 N), where the actual change in tension is only 

0.17 lbs (0.756 N).  Despite the lack of correlation between analysis and bench test for the 

T1 load, the T2 load is a much closer match.  The error between analysis and test for the T2 

load is only 0.08 lbs (0.356 N).    

 

Figure 5.7 Bench test and analysis results correlation for 10º cable angle  
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While some of the bench test data can be correlated to the analysis to show good results, the 

test data are somewhat inconsistent and highly variable depending on pre-tension levels and 

cable angle.  Tests run at the same cable angle with different pre-tension levels have 

varying results.  The 2-D simulation incorporates cable angle and pre-tension as constant 

gain values and does not allow for variation of the cable angle, which occurs during 

actuator operation.   

Out-of-Plane Actuator Performance 

Testing of the out-of-plane capabilities of the actuator focuses on the piezo bimorph.  In 

order to determine performance of the bimorph actuator, frequency response functions were 

taken with the actuator under different tension loads.   

The FRF for the piezo bimorph out-of-plane displacement as a function of input voltage for 

tension loads of 0 and 0.2 lbs is shown in figure. 5.8.  For this FRF, the laser displacement 

sensor was used to provide output, and input is the voltage signal to the piezo bimorph. A 

dominant resonance at 7 Hz is seen for the no tension load case.  Further testing reveals that 

this peak contains two fundamental modes of vibration for the bimorph and actuator 

housing.  Both first bending and the first torsion modes coalesce within the single peak.  

When a tension load is applied at T1, the two modes split, revealing both modes.  Stiffening 

of the bimorph due to applied tension loads causes an increase in bending frequency.  The 

torsion mode is unaffected by the loading because the point load at the pulley is in line with 

the center of the bimorph, and therefore does not add any torsional stiffness.  The torsion 

mode remains at approximately 7 Hz.  In order to see the torsion mode, the laser 

displacement sensor is pointed at a point on the housing, approximately 1 in (2.54 cm) to 

the right of center. 
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Figure 5.8 Bench test FRF results showing effect of increased membrane tension 

The laser displacement sensor can be positioned at the center of the actuator, which 

effectively disables the ability of the sensor to sense torsion.  This helps to isolate the 

characteristics of the bending mode under different loading conditions.  Figure 5.9 shows 

the magnitude response of the actuator and the migration of the first bending mode 

frequency with higher tension load.  The same output/input configuration is used for this 

FRF, with the laser displacement sensor providing the output signal, and input is the 

voltage to the piezo bimorph.  As the loading is increased, the bending mode frequency 

First bending  

First torsion 
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changes at a rate of approximately 2.5 Hz/lb (0.562 Hz/N).  The second peak shows the 

second bending mode, also affected by the increased tension.  The rate of migration of the 

two peaks is not equal, and leaves some room for speculation as to why.    

 

Figure 5.9 Magnitude response of actuator with increasing load up to 4 lbs 

Also noticeable from the FRF figures is the significant drop in magnitude at low 

frequencies with only a small tension load.  Further testing show that at tension levels 

higher than 4 lbs (17.8 N) the off resonance magnitude is significantly lower than the no 

tension case.  No data are collected for the high-tension case because the response is within 



52 

the noise floor of the displacement sensor. Essentially, the piezo bimorph seems ineffective 

at higher tension loads.   

Based on the results from the bench tests, the out-of-plane deflection capability of the 

actuator at zero tension load is equal to approximately 0.00258 in/100 V (646 µm/100V), 

with a maximum voltage to the bimorph of 450 V.  This results in a maximum out-of-plane 

deflection of 0.0116 in (294 µm).  With loading, the out-of-plane deflection capability is 

significantly decreased.   Figure 5.10 shows bench test results for out-of-plane deflection as 

a function of tension load.  Deflection values for loads above 4.0 lbs (17.792 N) are not 

reliable, and therefore are not included. 

Membrane Tension Out-of-plane Deflection

0.0 lbs  (0.000 N) 1.144E-02 in  (290.70 mm)
0.2 lbs  (0.890 N) 9.009E-03 in  (228.83 mm)
0.6 lbs  (2.669 N) 7.441E-03 in  (189.00 mm)
1.0 lbs  (4.448 N) 2.096E-03 in  (53.24 mm)
3.0 lbs  (13.344 N) 1.977E-03 in  (50.22 mm)
4.0 lbs  (17.792 N) 1.026E-03 in  (26.07 mm)

Flexure Performance vs. Tension load
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Figure 5.10 Membrane tension load and out-of-plane deflection capability of bimorph  
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Figure 5.11 shows a comparison of the FRF’s from the bench test and the linearized model 

of the system at a T1 tension load of 0.2 lbs.  The profiles for both test and analysis have 

similar contours, though the location of some of the peaks is shifted.  The first torsion mode 

peak for the analysis is 3 Hz higher than for the bench test results, and the frequency of the 

first analytical bending mode peak is 4 Hz higher than for the bench test results.   

 

Figure 5.11 FRF comparison of bench test to analysis for a 0.2 lb load situation 

Figure 5.12 shows the same comparison of analysis to bench test at 4 lbs tension.  The data 

for this graph were taken at the center of the actuator, so the torsion mode is not noticeable.  
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The first bending mode peak for the analysis is now lower in frequency than the bench test 

results by approximately 8 Hz.  Based on the results of figures 5.11, and 5.12, it is possible 

that the bench test has a much higher stiffness coefficient than used in the analysis, which 

may account for the discrepancies in peak frequencies.   

 

Figure 5.12 FRF comparison of bench test to analysis for a 4 lb load situation. 

Note the change in frequency of the second peak, which rises in frequency in the bench test. 

However, it remains constant in the analysis.  This peak is believed to be a second bending 

mode peak, which is evident in the bench test results.  The poor correlation of these two 
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peaks is a subject for further investigation.  The offset between analysis and test, for both 

examples, points towards differences in stiffness values in the model of the piezo bimorph 

or the assumed equivalent spring constants for the membrane and further work can be done 

to better correlate the analysis to the bench test setup. 
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MEMBRANE TEST  
Setup 

For evaluation of the actuator with more realistic boundary conditions, the actuator was 

installed in the hexapod structure shown in figure 2.1.  It replaced one of 12 cables used to 

stretch the membrane.  After installation the actuator is configured as shown in figure 5.13.  

The bimorph actuator is attached to a bracket bolted to one of the twelve coupling joints of 

the torus. The membrane edge is equipped with a hard plastic attachment point containing a 

pulley for the actuator cable to pull against.  The membrane is tensioned at each of the 

attachment points at a nominal tension of approximately 16 lbs (71 N).  However, tension 

applied to the membrane with the actuator in place to approximately 14 lbs (62 N).  The 

slightly lower tension level at the actuator is used because of difficulty turning the tension 

adjustment screw and clearance between the actuator housing and the membrane pulley.  

 

Figure 5.13 Actuator connected to membrane 

Bracket 

Pulley 

Membrane 

Coupling Joint 
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An Ohmetron® laser vibrometer and a Keyence® laser displacement sensor are used to 

measure out-of-plane velocity and displacement, respectively, at various points on the 

membrane and actuator.  For initial testing, 14 test points are mapped out on the membrane 

to form a wedge shaped region about the actuator as shown in figure 5.14.  The first four 

points cover the actuator housing, the pulley, the plastic brace, and the edge of the Kapton 

material.  Other points run radially from the center of the actuator, and from the catenaries 

on either side of the actuator, to the center of the membrane.  The bimorph actuator is 

driven with a ± 390 V random noise signal and the laser displacement sensor is used take 

FRF data at all 14 points.   

4 5b
      
(center)1

2

3

 

Figure 5.14 Membrane scan points (picture not to scale) 
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Membrane Test Results 

Piezo Stack Actuator Excitation 

Testing of the in-plane capabilities of the actuator confirms the inability of the piezo stack 

actuator to affect tension.  Therefore, most of the membrane test concentrated on the out-

of-plane behavior of the system.  

Piezo Bimorph Actuator Excitation 

Figures 5.15 and 5.16 show the setups for testing of the bimorph with the laser vibrometer 

and displacement sensor respectively.  Both setups show the laser pointed at the pulley.   

     

 Figure 5.15 Laser vibrometer setup Figure 5.16 Laser displacement sensor setup 

Initial piezo bimorph tests show the ability of a single actuator to produce visible motion in 

the membrane.  In testing of the bimorph actuator control authority, it is clear that it has a 

very large bandwidth.  From top to bottom of figure 5.17 are the magnitude, phase, and 

coherence responses using the laser vibrometer.    FRF data collected with the HP analyzer 

and the laser vibrometer pointed at the membrane pulley show dominant peaks around 15 

Hz, 100 Hz and 1 kHz.  The laser vibrometer has a bandwidth of approximately 25 kHz, but 

data above 3 kHz have poor coherence.  
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Figure 5.17 Laser vibrometer FRF at pulley 
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The FRF data is from a laser vibrometer pointed at the pulley of the membrane with a 

bandwidth limited random noise voltage input of 0.1 to 5 kHz to the piezo bimorph.  

Although not apparent from the data, there are hundreds of membrane modes contained in 

the 0 to 20 Hz range.  Because of the near collocation of the sensor actuator pair, each 

resonant peak is followed by a zero, making identification of modes difficult.   

Figure 5.18 shows data taken at the same point using the laser displacement sensor, which 

shows peaks in response at similar frequencies as in the data taken at the same point using 

the laser vibrometer.  For this FRF a bandwidth limited random noise signal from 0.1 – 200 

Hz input was applied to the piezo bimorph with the laser displacement sensor pointed at the 

membrane pulley providing the output signal. 

The range of the response plot for the displacement sensor is smaller due to the 

significantly smaller operational bandwidth of the laser displacement sensor.  Coherence 

begins to drop significantly at frequencies above 30 Hz.  Low signal to noise ratio in the 

region above 30 Hz may be the cause of poor coherence.  Both sensors have poor 

coherence below 3 Hz, and the bimorph actuator is known to have difficulty operating at 

low frequency ranges.     
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Figure 5.18 Laser displacement sensor FRF at pulley 

Data taken at other points on the membrane show similar resonant peaks to those seen at 

the pulley, with more exaggerated peaks between 4 and 10 Hz.  Figure 5.19 shows data for 

location 2 (top), 4 (center), and 5B (bottom) (refer to figure 5.14 for location points).  The 
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quality of data, in terms of coherence (not shown), diminishes as the sensor is moved away 

from the actuator.  

 

Figure 5.19 Displacement sensor FRF's at points located radially  
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Shaker Excitation 

To study disturbance transmissibility across the actuator interface, a linear dynamic shaker 

is attached to the front side of the torus to provide an external disturbance input.  The 

frequency response from the shaker input to the laser displacement sensor at location 2 on 

the pulley is shown in figure 5.20.  FRF data shown are the result of a sine sweep from 0.1 - 

25 Hz input to the shaker, using a laser displacement sensor pointed at the pulley for an 

output signal. Data from this test will be used to assess actuator control effectiveness later 

in the thesis.   

 

Figure 5.20 Displacement sensor FRF at pulley using shaker input on torus 
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Testing showed that the piezo bimorph had little effect on the membrane at frequencies 

below 10 Hz.  The only frequency range the actuator is able to affect is between 10 and 20 

Hz.   
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Chapter 6  

ACTUATION AND CONTROL OF MEMBRANE 
Closed Loop Feedback 

A single actuator was capable of imparting visible motion in the large membrane.  Based on 

the results from the test of the bimorph actuator on the hexapod, control of the membrane 

using the bimorph actuator shows potential.  To demonstrate membrane controllability, a 

control problem is formulated using the shaker as an external disturbance and the 

membrane actuator to reduce disturbance propagation across the boundary.   

Two sensors are evaluated for feedback control, a laser vibrometer and a laser displacement 

sensor.  At first, velocity data seemed best from a control viewpoint, but after evaluating the 

FRF, it was discarded for several reasons.  First, the high bandwidth of the vibrometer 

allows observation of resonant peaks throughout the frequency range up to 1 kHz.  

Secondly, high frequency noise from the vibrometer drives the piezo bimorph.  Finally, 

because the sensor measures velocity, the output amplifies high frequency signals making 

the control problem extremely difficult.     

A feedback control scheme is implemented as shown in figure 6.1.  A lead-lag compensator 

is included in the feedback signal to the bimorph.  The laser displacement signal, with the 

laser displacement sensor pointed at location 2, is gained and conditioned through the lead-

lag compensator to provide the feedback.  This lead-lag compensator is designed to 

counteract a 35º lag at 15 Hz resulting from the displacement signal.  Actuator voltage is 

determined by the value passing through the lead-lag compensator.  The voltage input to the 

bimorph is limited to a maximum output of ± 390 V to avoid damage to the piezo.   
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Figure 6.1 Feedback control system configuration 

 

The lead lag compensator transfer function is 

35537377

628.0
2 ++

+
SS

S
 6.1 

and provides a phase lead of 36.6° at 15 Hz, as shown in figure 6.2 
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Figure 6.2 Bode diagram of lead-lag compensator used in feedback loop 

 

Control System Results 

With the laser displacement sensor pointed to location 2 on the pulley, and an external 

band-limited disturbance of 50 Hz, the control system is implemented using a dSPACE 

real-time system.  Figure 5.20 shows data without feedback control; with the feedback 

control, the objective is to decrease the peak magnitude of modes in the targeted frequency 

range (figure 6.3).  One control strategy is to use displacement feedback to decrease the 
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apparent out-of-plane stiffness at the actuator location.  This effectively acts as an isolator 

beyond its resonant frequency.  FRF data for the actuator/sensor pair shown in figure 5.19 

resembles that of a spring mass system with a fundamental mode around 11 Hz.  Since the 

lead-lag network maintains the phase distortion to a minimum within the same frequency 

range, the control system will effectively attempt to decrease the resonant frequency of the 

apparent spring-mass system.  Because of the natural high frequency roll-off of the 

apparent spring mass system, any small change in the resonance frequency is clearly 

noticeable at high frequencies.  The magnitude of the low frequency modes is increased.  

However, the targeted area shows a decrease in the magnitude of the peaks.  This result 

shows potential for the actuator to execute some disturbance rejection in targeted areas and 

provide further control. 
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Figure 6.3 FRF of uncontrolled system with controlled system overlaid 

FRF data in figure 6.3 show controlled and uncontrolled effectiveness of the actuator as an 

isolator.  Increase or no change in magnitude is observed at frequencies below 10 Hz, but 

reductions are observed beyond 10 Hz.  At high frequencies, the amplitudes when 

controlled are reduced, indicating isolation.  At low frequencies the magnitude is increased, 

showing the behavior of a typical isolator. 
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Chapter 7  

SUMMARY AND CONCLUSIONS 
Summary 

A prototype actuator concept has been analyzed, bench tested and utilized to perform 

vibration disturbance rejection on a large membrane.  Despite limitations in dynamic in-

plane tension adjustment capabilities, a single actuator has the capacity to provide out of 

plane excitation to a tensioned membrane.  It can be shown that the actuator is capable of 

exciting the membrane, and therefore it should be able to provide some vibration control or 

disturbance rejection.   

A simplified 2-D model of the actuator provided static and dynamic results for both the in-

plane and out-of-plane capabilities of the actuator connected to the membrane.  A non-

linear dynamics analysis was performed using MATLAB and Simulink and provided a 

baseline understanding and expectation of the actuator capabilities.   

Analytical results provided optimistic expectations for actuator control authority, and bench 

testing revealed limitations on the actual performance capability of the actuator.  Bench 

testing of in-plane capabilities of the piezo stack actuator proved to be difficult due to 

inconsistencies in results and variability of multiple parameters.  One major source of error 

between the analysis and experimental results for the stack is friction effects on the pulley, 

which can be seen in the results of the bench test.  This effect increases at higher tension 

levels, and this may be the reason for some of the discrepancy between analysis and 

experimentation.   
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The bench test, however useful, was unable to simulate the boundary conditions for an 

actuator attached to a tensioned membrane.  The in-plane and out-of-plane stiffness of the 

bench test setup contributed to misleading results.  Whereas the bimorph actuator 

performed poorly under loads greater than 4 lbs (17.79 N) in the bench test setup, it was 

capable of performing well under tension loads up to approximately 14 lbs (62.27 N) while 

attached to the membrane.   

Testing of a single actuator on the membrane provided reassurance that the actuator would 

be able to have some control authority on the membrane.  Membrane testing also helped to 

verify issues with membrane tension monitoring and the inability to accurately measure 

small changes in the membrane tension.  A control system was implemented using a single 

actuator on the membrane, with an external shaker on the torus support structure used for 

disturbance excitation, and a laser displacement sensor as a local displacement 

measurement of disturbance of the membrane for feedback.  The results show capability for 

disturbance rejection in the 10 – 20 Hz range, using a lead-lag compensator feedback 

configuration.   

Overall, the insitu performance of the actuator out-of-plane capability is promising with 

evidence of out-of-plane control authority as well as local disturbance rejection.  Global 

controllability of the entire membrane may not necessarily be assumed from the control 

system testing results discussed in chapter six, though potential for local control has been 

shown.   Testing of the actuator performance on the membrane was executed using only a 

single actuator, while the torus has capability for disturbance inputs to the membrane at 

twelve different locations.  Extending the effectiveness of a single actuator into a full set of 
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twelve actuators could produce very positive results in disturbance rejection as well as 

possibly even global membrane motion control.  

 Future Work 

While the work presented helps to provide a basic understanding of the actuator and the 

control capabilities of the actuator on a membrane, there is much work that has yet to be 

done.  The issue of in-plane tension adjustment on the membrane is still unresolved, and 

while the current configuration allows for some tension adjustment, the actual tension of the 

membrane is not directly measurable.  A more reliable method of obtaining and monitoring 

membrane tension is an area for further consideration.   

Known friction problems may possibly be accounted for, but a better understanding of 

friction levels and effects at various tension levels is necessary in order to incorporate that 

into the analytical model and account for it in the control system.  Further bench testing, 

and possibly the comparison of frequency response functions from the two load cells may 

provide sufficient data to obtain a quantifiable friction coefficient, and allow a better 

understanding of that source of error.  Methods of reducing the friction can also be 

investigated.  Other methods of in-plane actuation may be investigated and redesign or 

further modification of the actuator may be necessary. 

Considerably more work needs to be done with the membrane.  This includes testing with 

two actuators on opposite sides of the circular membrane, or three actuators in any number 

of configurations.  Having three actuators ready for testing, a triangular membrane can be 

placed in the hexapod to replace the circular membrane and testing can show the 

effectiveness of the actuators on a different shaped membrane.   
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The controls work done in this paper shows that there is control authority and targeted areas 

can be controlled.  However, more work is needed to optimize the compensator to try to 

reduce the amplification effects at the lower frequencies, and possibly provide more 

damping in the targeted areas.  Further analysis and curve fitting of the FRF may produce a 

model that allows for compensator design that has a larger bandwidth and better 

suppression of the peak magnitudes.   

Another area of work involves global measurement of the motion of the membrane, rather 

than single point measurements, which can only provide local information.  The control 

system that was implemented was capable of controlling a single point on the membrane, 

though other points were not taken into consideration.  While single point control is a step 

in the right direction, the entire membrane surface must be considered.  Global 

measurements may be possible with videogrammetry, and future research is necessary to 

incorporate the technology into this application. 
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